This paper describes the calculation of the next-to-leading order (NLO) QCD corrections to massive color-octet vector boson pair production at hadron colliders. As a concrete framework, a two-site coloron model with an internal parity is chosen, which can be regarded as an effective low-energy approximation of Kaluza-Klein gluon physics in universal extra dimensions. The renormalization procedure involves several subtleties, which are discussed in detail. The impact of the NLO corrections is relatively modest, amounting to a reduction of 11-14% in the total cross-section, but they significantly reduce the scale dependence of the LO result.
Introduction 2 The two-site symmetric coloron model
The two-site coloron model is based on an extension of the strong gauge group to the product group SU(3) 1 ×SU(3) 2 , which is broken down to SU(3) C by a non-linear sigma model. In addition, invariance under the Z 2 transformation P is imposed, which interchanges the two SU(3) groups:
This exchange symmetry mimics the KK parity of UED. The Lagrangian of the model can be divided into three parts,
The gauge part is given by
Here G iµν are the field strength tensors of SU (3) i (i = 1, 2), with gauge couplings g 1 = g 2 ≡ g. Σ denotes the non-linear sigma field
where A = 1, ..., 8 is implicitly summed over, T A are the SU(3) generators, f is a constant of mass dimension, and π A are the Goldstone fields of the broken SU (3) . Its covariant derivative is given by
Under SU(3) 1 × SU(3) 2 , the Σ field transforms as a bi-fundamental,
The Σ field is responsible for the breaking of SU(3) 1 × SU(3) 2 to the vectorial subgroup SU(3) C . The gauge mass eigenstates in the broken phase are
Here G A µ is the (massless) gluon field of SU(3) C with coupling strength g s = g/ √ 2, whereas C A µ is the massive coloron field with mass M = g s f , which "eats" the Goldstone fields π A . Eq. (3) has the same form as for the coloron model in Ref. [16] with the additional constraint that the two gauge groups have equal coupling strength. The latter requirement is a consequence of the P parity, which was not considered in Ref. [16] . Under this parity
Field Chirality SU(2) W SU(3 Table 1 : Quantum numbers and chirality of the quark fields in the two-site symmetric coloron model.
Since C
A µ is odd under P, the massive colorons can only be produced in pairs. The fermion part of the Lagrangian reads
Here ψ 1 , ψ 2 and ψ are quark fields in the fundamental representation of SU(3) 1 , SU(3) 2 and SU(3) C , respectively (ψ = q, u, d). The ψ = q fields are chiral doublets under the weak SU(2) W group, whereas ψ = u, d are singlets. The relevant quantum numbers and chirality of the quark fields is summarized in Tab. 1. Their covariant derivatives read
where the dots indicate electroweak interactions, which are ignored in this work. Furthermore, ξ is the "square root" sigma field according to the CCWZ construction [18] ,
Under SU(3) 1 × SU(3) 2 , these fields transform as
where U V is the transformation matrix of the fundamental representation of the vectorial subgroup SU(3) C . The effect of P parity on the fermion fields is
The introduction of the ψ fields is necessary to be able to write down invariant Yukawa terms (with coupling strength Y ) in eq. (9) . The physical quark mass eigenstates are
where
(1 ± γ 5 ). Here the ψ fields are massless chiral P-even SM-like quark fields, whereas the Ψ fields are P-odd fermion fields with a vector-like mass M Ψ = √ 2Y . In general, the Yukawa coupling Y is a free parameter, but for the sake of analogy to UED we impose
For the top quark, the SM Higgs Yukawa coupling cannot be ignored. It leads to mixing between the U 3 and first component of the Q 3 fields, where the subscript indicates the generation index, see e.g. App. H of Ref. [19] . The mass matrix reads
leading to two degenerate mass eigenstates T and T given by
with mass and mixing angle
The final component of the model is the gauge-fixing and ghost term. For a covariant gauge it can be defined in the following P-symmetric form,
and δα A i is the parameter of an infinitesimal SU(3) i gauge transformation. For the calculation presented in the following sections, the Feynman gauge ξ = 1 has been employed. In this gauge, the unphysical Goldstone fields π A receive a mass M = g s f = gf / √ 2 from eq. (19) .
The ghost fields mix to form a P-even massless gluon ghost
(u 1 + u 2 ) with mass M . Thus one obtains
In summary, the two-site symmetric coloron model defined in this way contains several states with mass M in addition to the SM particle content. Besides the coloron vector-boson, heavy vector-like quarks are required to enforce the P-parity as an exact symmetry. This model can be viewed as a low-energy approximation of the 5-dimensional minimal UED model (mUED) with compactification radius R = M −1 , where only the zero modes and first KK excitations are kept as dynamical degrees of freedom. Note, however, that the coloron model is not identical to a simple truncation of mUED at the N KK = 1 level, since such a truncated UED model would violate gauge invariance [20] , whereas the model presented here respects the full gauge symmetry, albeit non-linearly. In fact, the Feynman rules for the two-site coloron model and the first KK excitation in mUED are mostly identical, but there are a few differences, which are mentioned in appendix A.
In a more general sense, the two-site symmetric coloron model can be regarded as a lowenergy description of any model with massive color-octet vector bosons that are odd under some (approximate) parity.
NLO corrections to the pair production process
Massive colorons can be pair produced at hadron colliders, such as the LHC. The tree-level process pp → CC can be divided into two partonic sub-channels,→ CC and gg → CC, with the relevant diagrams shown in Fig. 1 . Note that at leading order this process is identical to of KK gluon pair production in mUED.
At NLO, one needs to consider one-loop corrections to the subprocesses→ CC and gg → CC, as well as real emission of an extra gluon at tree-level,→ CCg and gg → CCg. A few sample diagrams are shown in Figs. 2 and 3. Both the loop contributions and real emission contributions are separately IR divergent, but the divergencies cancel in the combined result. Additionally, the quark-gluon induced subprocesses qg → CCq and qg → CCq appear for the first time at NLO.
At NLO, the predictions for coloron pair production become sensitive to assumptions about the UV completion. The renormalization procedure employed here takes a bottomup approach, assuming that the running couplings are defined at the mass scale M of the colorons * . In the next subsection, the renormalization scheme is discussed in more detail. * If instead the couplings are defined at a high scale Λ M , this may lead to additional moderately-sized contributions to the NLO result. This will be explored in future work. However, experience from other BSM calculations indicates that the numerically dominant part of the NLO QCD is generated by SM gluon exchange contributions and thus does not depend on the details of the UV completion. 
Renormalization
In this work, the renormalization is performed by using the on-shell scheme for the wavefunction and mass renormalization of the physical states and MS renormalization for the strong coupling constant. However, due to the fact that the two-site coloron model is fundamentally a non-renormalizable theory, there are several subtleties that need to be addressed. These will be discussed in this section, together with a brief summary of the remaining aspects of the renormalization.
For the external states the wave-function renormalization constants
are introduced for the left-and right-handed (massless) SM quarks, the gluons, and the massive colorons, respectively. As usual, their values are determines through the residues of the renormalized propagators, leading to
) and Σ C (p 2 ) are the left/right-handed quark self-energies, transverse gluon self-energy and transverse coloron self-energy, respectively. The masses of the colorons and massive quarks are renormalized according to the on-shell prescriptions
The mass parameter in the gauge-fixing term gets renormalized in the same way as the coloron mass. Note that, while we assume that the colorons and massive quarks have the same mass M at tree-level, as in mUED, they are technically independent parameters in the coloron model and thus receive different mass counterterms. In mUED, in fact, the degeneracy of the KK masses is also broken at the one-loop level due to boundary terms [21] . Following the analogy to mUED, therefore, we assume that the mass difference between the coloron mass, M C , and the vector-like quark mass, M Ψ , is small:
Within the contributions to O(α s ) we thus set M C = M Ψ = M but allow the masses to deviate by a small numerical amount in the tree-level contribution, consistent with this power counting.
The strong coupling constant is renormalized in the 5-flavor MS scheme. In this scheme, only the gluons and five light quarks are included in the scale evolution of the α s , whereas the scale dependence of the top quark, coloron and heavy vector quark loops is accounted for through explicit logarithms in the finite part of the counterterm. See e.g. Ref. [10] for an application of this scheme in the context of supersymmetry. For the gψψ, ggg, gΨΨ and gCC gauge coupling, this leads to
where n q = 5, and µ is the renormalization scale, which is taken equal to the regularization scale for simplicity. Furthermore, = (4 − d)/2, where d is the number of dimensions in dimensional regularization.
On the other hand, for the CψΨ and gCπ couplings (where π is a Goldstone boson), one needs different coupling counterterms. This is not entirely surprising, since these couplings are not SU(3) C gauge interactions, but are instead related to the larger non-linear SU(3) 1 × SU(3) 2 symmetry.
To determine the µ-dependence of these couplings, one may assume that all gluon and coloron coupling have the same value at µ = M , and the CψΨ and gCπ couplings do not effectively run for µ < M . Thus one finds
gCπ :
In addition, one needs a counterterm for the vacuum expectation value of the sigma field, Σ. This counterterm, denoted by the symbol δt, appears in the renormalization of the Goldstone self-energy:
In a Higgs-like theory, this counterterm is usually determined from the requirement that the renormalized tadpole terms of the Higgs field should vanish. For the coloron model, however, the symmetry breaking mechanism is left unspecified, and the radial degrees of freedom of the sigma field (which correspond to the Higgs scalars in a weakly coupled symmetry breaking sector) are assumed to be integrated out. Therefore the tadpole condition cannot be used here.
On the other hand, as explained for example in Ref. [22] , the counterterm for the vacuum expectation also appears in the Goldstone self-energy Σ π (p 2 ). Thus one can impose the renormalization condition
which in a Higgs-like theory is completely equivalent to the tadpole condition.
Cancellation of IR divergencies
The real radiation contributions contain divergencies from soft and collinear gluon emission, which cancel against the corresponding singularities in the virtual loop contributions. To carry out this cancellation explicitly, the phase-space slicing method with two cutoffs is employed here [23] . According to this scheme, the phase space integration of the 2 → 3 real radiation contribution is split into three categories,
Here dΓ 3 is the three-particle phase-space measure, and M 3 is the 2 → 3 matrix element.
On the right-hand side, "S" indicates the soft region, where the gluon energy is restricted to
whereŝ is the partonic center-of-mass energy. For sufficiently small values of δ s , the soft contribution factorizes into the born matrix element and an eikonal factor,
Here dΓ 2 and M 2 are the two-particle phase-space measure and Born matrix element, respectively, while dΓ g is the single-particle phase-space measure for the gluon momentum, and the sum i,j runs over all external legs. The eikonal factor can be integrated analytically (see e.g. Refs. [23, 24] ).
The label "C" denotes the hard collinear region, defined by
where θ gi is the angle between the final-state gluon and the incoming parton i (i = 1, 2). For small δ c , the phase space measure and matrix element factorize into the born contribution and the divergent Altarelli-Parisi splitting kernels. In dimensional regularization one thus obtains
where A c 1 and A c 0 are known numerical constants (see e.g. Refs. [23] ). The collinear divergencies in the splitting functions can be absorbed into the renormalization of the parton distribution functions (PDFs) of the incoming partons. The form of eq. (36) presumes that the MS scheme, with the renormalization scale µ R , is used for this purpose.
The soft and collinear contributions are combined with the virtual corrections to arrive at
Here f i (x, µ F ) is the proton PDF for the parton i with the factorization scale µ F ; dσ (0) ij is the differential partonic Born cross-section for the incoming partons i and j; dσ (0) ij is the one-loop corrected partonic cross-section including the soft radiation terms; P ik (z) and P ik (z) are the finite and O( ) pieces of the unregulated splitting kernels (see e.g. Refs. [23] ), andŝ = x 1 x 2 s. Note that the form of eq. (37) changes slightly for the quark-gluon induced subprocesses, which do not receive Born contributions.
The remaining hard radiation region, labeled "H", is constrained by the conditions δ s √ŝ 2 < E g and 1 − cos θ gi > δ c √ŝ
Eg
. It is finite and can be computed with numerical Monte-Carlo integration methods. Both the hard contribution and the result in eq. (37) separately depend on the choices for δ s and δ c . However, as long as the cutoff parameters are kept sufficiently small, this dependence drops out in the combined total result.
Notes on the technical implementation
The calculation has been performed using several publicly available computing tools, but additional components were specifically implemented by the authors. The Feynman rules of the coloron model (see Appendix A) have been incorporated into FeynArts 3 [25] , which was used for generating the relevant diagrams and amplitudes. The color, Dirac and Lorentz algebra was performed with FeynCalc [26] .
To simplify the treatment of tensor loop integrals, the one-loop amplitude was contracted with the Born amplitude and the sum over the spins of external particles carried out before any tensor reduction. As a result, most tensor structures in the numerator of the loop integrand can be canceled against propagator denominators. For the remaining tensor integrals, Passarino-Veltman reduction has been used [27] . One thus arrives at a final result in terms of standard one-loop basis functions. The IR-finite basis integrals have been evaluated numerically using LoopTools 2 [28] , whereas the IR-divergent basis integrals were taken from Ref. [29] .
For thechannel, two fully independent calculations have been carried out. One is based on dimensional regularization for the UV singularities and gluon and quark mass regulators for the soft and collinear divergencies, respectively. The other calculation has employed dimensional regularization for all types of singularities. Perfect agreement between the two results at the level of differential cross-sections was obtained. For the gg channel, the use of a mass regulator is not suitable. Nevertheless, we have performed many independent checks of partial contributions to the final result.
The numerical integration over the final-state phase space and initial-state PDFs is implemented in the form of a Monte-Carlo generator in Fortran. This implementation is based on Ref. [30] and produces weighted parton-level events.
Numerical results
In the following, we present phenomenological results for coloron pair production at the LHC with √ s = 14 TeV. Throughout this section, the CTEQ6.1M PDF set [31] have been used, as incorporated in the LHAPDF framework [32] .
As a first consistency check, the independence of the total NLO cross-section on the soft and collinear slicing cut-offs, δ s and δ c is shown in Fig. 4 . The figure depicts two separate plots for the dependence on δ s and δ c , respectively. It can be seen that the combined virtual, soft and collinear contributions (σ S+V ) and the hard real emission contribution (σ 2→3 ) are separately logarithmically dependent on δ s and δ c , but this dependence cancels in the sum σ NLO = σ S+V + σ 2→3 . The remaining power contributions, proportional to δ n s and δ n c , are negligibly small for all practical purposes if the cut-off parameters are smaller than about 10 −3 and 10 −4 , respectively. Note that the plots in Fig. 4 are subject to statistical errors from the Monte-Carlo integration over initial parton momentum fractions and final-state phase space. However, the cancellation of soft and collinear logarithms happens already point-by-point for the fully differential cross-section, after integration over only the one-particle phase-space of the massless final-state parton in σ 2→3 . Therefore, the accuracy of the cancellation of the δ s and δ c dependence is very high, as shown in the lower boxes of the Fig. 4 .
The optimal choice of the cut-off parameters needs to strike a balance between two constraints: (i) The non-logarithmic power contributions, proportional to δ n s,c , are minimized by choosing each cut-off parameter as small as possible, whereas (ii) the statistical error for the 2 → 3 phase-space integration increases if δ s,c are too small. For the remainder of this section, we use δ s = 5 × 10 −4 and δ c = 5 × 10 −5 .
In Fig. 5 , the LO and NLO total cross-sections are shown as a function of the coloron mass M . For this plot, the mass of the P-odd quarks has been fixed according to the mUED prediction, i.e. M Ψ = M − ∆M , where ∆M is the mass splitting due to boundary terms in mUED [21] Since ∆M is a one-loop contribution itself, we neglect it inside the O(α s ) corrections to the cross-section and set M Ψ = M there. For the UV cut-off of mUED we choose Λ = 20 M .
In the lower part of the figure, the K-factor σ NLO /σ LO of the NLO and Born cross-sections is shown. As evident from this plot, the K-factor depends only mildly on M and amounts to about 0.88. It is interesting to note that the NLO contributions are negative in all three subprocesses,→ CC + X, gg → CC + X, and qg/qg → CC + X, the latter of which is only generated by 2 → 3 real emission diagrams and is turned negative due to the PDF renormalization. While the overall correction is relatively modest, and of a typical magnitude for high-energy QCD processes, it is nevertheless relevant for accurately evaluating current limits and the discovery potential of the LHC for mUED and related models [33] .
In addition, the computation of the NLO QCD corrections serves to reduce the theoretical uncertainty from the renormalization and factorization scale dependence. This is demonstrated in Fig. 6 , where the two scales have been varied in parallel, µ = µ F . Considering the range 0.75 < µ/M < 1.5, the LO cross-section changes by about +15% −17% , which is reduced to +5% −8% for the NLO cross-section. Note that the dominant source of uncertainty stems from the renormalization scale, whereas the factorization scale by itself has a subdominant effect.
In Fig. 7 , we also show how the cross-section changes when the mass splitting ∆M = M −M Ψ is modified from the mUED prediction. Note that the gg channel does not depend on this parameter at tree-level, and we neglect the mass splitting within the one-loop corrections. Therefore, only thechannel is shown in Fig. 7 . We restrict ourselves to the mass ordering M Ψ < M , to avoid the situation where the heavy quarks may become resonant in the subprocess qg → CCq, i.e. qg → CΨ production with the subsequent decay Ψ → Cq. This would correspond to a different process than than the one studied in this paper and is left for future work. As evident from Fig. 7 , the→ CC subprocess depends very sensitively on ∆M . However, since the gg channel is dominant, the total cross-section varies only by a few percent for reasonable values of the mass splitting.
Finally, Fig. 8 displays the impact of the NLO corrections on the differential cross-section in terms of the rapidity y ≡ 1 2
. Here E and p L are the energy and longitudinal momentum of one of the final-state colorons. Since, after summing over colors, we have two identical colorons in the final state, the rapidity distribution is symmetric. As one can see from the figure, the effect of the NLO corrections results in a slight enhancement of the tails of the rapidity distribution relative to the central region. This can be partially understood from a simple kinematic effect, since the recoil against extra radiated partons causes a broadening of the rapidity distribution. 
Conclusions
The production of colored new physics particles at the LHC may be subject to sizeable QCD corrections. In this article, results for the NLO corrections to the pair production of coloroctet vector bosons have been presented. Such new vector bosons appear, for example, in coloron models or models with extra space dimensions. There are characteristic versions of these models where the single production of color-octet vector bosons is forbidden by a parity symmetry, such as an exchange symmetry for coloron models and Kaluza-Klein parity for extra dimensional models. For concreteness, this paper focuses on a two-site coloron model, which is based on two copies of a non-linear sigma model for the gauge sector. In addition, the presence of the exchange symmetry requires the introduction of heavy partners to the SM quarks. This model can serve as a gauge-invariant low-energy effective description of the minimal universal extra dimension (mUED) model. The renormalization of the two-site coloron model involves several peculiarities that do not occur for models with colored particles of spin less than one. For instance, the couplings of the SM gluon and the massive coloron are identical at tree-level, but they receive different counterterms at higher orders. In addition, the broken gauge symmetry of the massive vector boson requires the introduction of a counterterm for the symmetry-breaking vacuum expectation value. This may be surprising at first glance, given that the symmetry-breaking mechanism is not specified in the non-linear sigma model, but in fact this counterterm can be uniquely determined from the Goldstone self-energy.
The calculation of the NLO corrections presented in this paper is based on a largely automated computer implementation, using publicly available packages supplemented by in-house routines. For the combination of virtual loop corrections and real radiation contributions, the phase-space slicing method has been employed. Several checks of the results have been performed.
It is found that for the standard choice of the renormalization scale, µ = M , where M is the coloron mass, the NLO correction has a relatively modest impact on the coloron pair production cross-section. The total NLO cross-section is 11-14% smaller than the LO result for values of M between 1 and 2 TeV. At the same time, the dependence of the crosssection on the renormalization scale is significantly reduced, by a factor of 2-3. By studying the rapidity distribution it is furthermore observed that the NLO contribution cannot be characterized by a simple global K-factor, but instead the K-factor is slightly smaller in the central rapidity region and slightly larger for large absolute values of rapidity.
A. Note that the Feynman rules in this appendix agree with those for KK-level-1 gluons and quarks in mUED, with the exception of (60), which has an additional factor 3 2 in mUED.
